ABSTRACT Background: Although selenium plays an important role in muscle function, the relation between circulating selenium and muscle strength in elderly adults has not been characterized. Objective: The objective was to examine the hypothesis that low plasma selenium is associated with poor muscle strength in older adults. Design: We measured plasma selenium and hip, grip, and knee strength in a cross-sectional study of 891 men and women aged ͧ65 y from the Invecchiare in Chianti (InCHIANTI) Study, a populationbased cohort study in Tuscany (Italy). Poor muscle strength was defined as the lowest quartile of hip flexion, grip, and knee extension strength. Results: Overall, mean (ȀSD) plasma selenium was 0.95 Ȁ 0.15 mol/L. After adjustment for age, sex, education, total energy intake, body mass index, and chronic disease, participants in the lowest versus the highest quartile of plasma selenium were at higher risk of poor hip strength [odds ratio (OR): 1.69; 95% CI: 1.02, 2.83; P ҃ 0.04, P for linear trend ҃ 0.04], knee strength (OR: 1.94; 95% CI: 1.18, 3.19; P ҃ 0.009, P for linear trend ҃ 0.01), and grip strength (OR: 1.94; 95% CI: 1.19, 3.16; P ҃ 0.008, P for linear trend ҃ 0.08). Conclusions: Low plasma selenium is independently associated with poor skeletal muscle strength in community-dwelling older adults in Tuscany.
INTRODUCTION
Aging is characterized by the loss of muscle strength, which in turn increases the risk of falls, hospitalization, disability, and mortality (1) . The biological mechanisms involved in sarcopenia, or the loss of muscle mass and strength, are not completely understood. The accumulation of mitochondrial and nuclear DNA damage and increases in oxidative stress may lead to the loss of myocytes and, thus, may compromise the function of skeletal muscle (2) . In human skeletal muscle, oxidative damage to DNA, proteins, and lipids increases with age (3) (4) (5) (6) . Selenium plays an essential role in muscle function (7) , and selenoenzymes such as glutathione peroxidase and glutathione reductase protect myocytes from reactive oxygen species (8) .
Human selenium deficiency is associated with skeletal myopathy and cardiomyopathy (9) . In ruminant animals, selenium deficiency causes white muscle disease, a condition characterized by muscle weakness and degeneration of skeletal and cardiac muscle (10) . A myopathy similar to white muscle disease has been described in human selenium deficiency (11) . Although severe selenium deficiency is associated with skeletal muscle problems, including fatigue and proximal muscle weakness (12) , it is not known whether a more marginal selenium status, such as that found in community-dwelling adults, is associated with muscle weakness. We hypothesized that low plasma selenium concentrations are associated with poor muscle strength in older adults. To address this hypothesis, we measured plasma selenium and upper-and lower-extremity muscle strength in older community-dwelling adults in the InCHIANTI study, a population-based study of mobility disability in the Chianti region of Tuscany, Italy.
SUBJECTS AND METHODS

Subjects
The study participants consisted of men and women aged ͧ65 y who participated in the Invecchiare in Chianti (Aging in the Chianti Area) Study, otherwise known as the InCHIANTI Study, conducted in 2 small towns in Tuscany, Italy. The rationale, design, and data collection have been described elsewhere, and the main outcome of this longitudinal study is mobility disability (13) . Briefly, in August 1998, 1270 people aged ͧ65 y were randomly selected from the population registry of Greve in Chianti (population: 11 709) and Bagno a Ripoli (population: 4704), and of 1256 eligible subjects, 1155 (90.1%) agreed to participate. Of the 1155 participants, 1055 (91.3%) participated in the blood drawing. There were 891 (77.1%) participants who had both plasma selenium concentration and muscle strength data available for this analysis. The subjects who did not participate in the physical function evaluation were generally older and had greater comorbidity than did the subjects who participated in the evaluation, as reported elsewhere (14) . Participants received an extensive description of the study and participated after providing written informed consent. The study protocol complied with the Declaration of Helsinki and was approved by the Italian National Institute of Research and Care on Aging Ethical Committee.
Methods
Demographic information and information on smoking and medication use were collected by using standardized questionnaires. Average daily intakes of energy (kcal), carbohydrates, total protein, total lipids, etc, were estimated by using the European Prospective Investigation into Cancer and Nutrition foodfrequency questionnaire, which was validated in the InCHIANTI population (15) . All participants were examined by a trained geriatrician, and diseases were ascertained according to standard, preestablished criteria and algorithms based on those used in the Women's Health and Aging Study for coronary heart disease, diabetes mellitus, chronic obstructive pulmonary disease, osteoarthritis, and cancer (16) . Weight was measured with the use of a high-precision mechanical scale. Standing height was measured to the nearest 0.1 cm. Body mass index (BMI) was calculated as weight (kg)/height squared (m) Depression was defined by using the Center for Epidemiologic Studies Depression Scale (CED-S) (17) .
Blood samples were collected in the morning after the subjects had fasted for 12 h. Aliquots of serum and plasma were immediately obtained and stored at Ҁ80°C. Aliquots of plasma were shipped on dry ice to the laboratory of one of the authors (RDS) for the measurement of plasma selenium. Plasma selenium was measured by graphite furnace atomic absorption spectrometry with an AAnalyst 600 with Zeeman background correction (Perkin Elmer, Norwalk, CT). Samples were diluted 1:4 with Triton-X (Sigma Chemical, St Louis, MO) and nitric acid solution (Fisher Scientific, Pittsburgh, PA), and the matrix modifier was a palladium and magnesium nitrate solution (both from Perkin Elmer). The instrument was calibrated daily by using known plasma selenium standards (UTAK Laboratories Inc, Valencia, CA). Within-run and between-run CVs were 3.1% and 7.1%, respectively. Serum interleukin-6 (IL-6) was measured in duplicate by high-sensitivity enzyme-linked immunsorbent assay (ELISA) (BIOSOURCE, Camarillo, CA). The lowest detectable concentration was 0.1 pg/mL, and the interassay CV was 4.5%.
Isometric muscle strength was assessed on 8 muscle groups of the lower extremity with a hand-held dynamometer according to a standard protocol (18) . All measures of lower-extremity muscle strength were highly correlated (Pearson's correlation coefficients ranging from 0.87 to 0.92). Therefore, in the analyses presented here, we used only hip flexion and knee extension to indicate lower-extremity muscle strength (19) . Isometric shoulder adduction and handgrip are used as measures of upperextremity muscle strength; we decided to use handgrip for the present analysis because the assessment of handgrip is easy, is reliable, and has been used in many studies. Furthermore, strong evidence in the literature indicates that handgrip is a strong predictor of disability and mortality (20, 21) . We chose to use measures of both lower-and upper-extremity muscle strength because previous studies have suggested that the rate of ageassociated decline in muscle strength is quite different in these 2 anatomical regions. In fact, the correlation between handgrip and isometric strength of the lower-extremity muscle groups was only moderately high, ranging from 0.70 to 0.72. Some participants who were unable to come to the main testing center at the 2 study sites for assessments of knee and hip strength had grip strength measured during a home visit.
Statistical analysis
Variables are reported as means (ȀSDs) for normally distributed variables or as percentages. Means were compared by using a t test, and percentages were compared by using chi-square tests. Because of skewed distributions, log-transformed IL-6 values were used in regression analyses. Plasma selenium was analyzed as both a continuous variable and as quartiles, where the quartiles for selenium were defined as 0.839, 0.839 -0.934, 0.935-1.037, and 1.037 mol/L. Low hip, knee, and grip strength were defined by the lowest quartile of hip, knee, and grip at enrollment at the following cutoffs: 13.0, 10.5, and 16.0 kg for women and 20.5, 16.5, and 28.0 kg for men, respectively. Logistic regression models were used to examine the relation between quartiles of plasma selenium and muscle weakness. All analyses were performed by using SAS (version 8.2; SAS Institute Inc, Cary, NC) with a statistical significance level set at P 0.05.
RESULTS
The characteristics of the study population at enrollment are shown in Table 1 . Univariate logistic regression was used to examine the relation between different demographic, nutritional, and disease variables and poor muscle strength as shown in Table 2 . In univariate analyses, age, education, lowest quartile of plasma selenium, total energy intake, peripheral artery disease, stroke, depression, and IL-6 (log) were significantly associated with all 3 strength measures (poor hip, knee, and grip strength). BMI and congestive heart failure were significantly associated with poor hip and knee strength but not grip strength. Age-and sex-adjusted mean hip, grip, and knee strength by quartile of plasma selenium are shown in Figure 1. 14.0 FIGURE 1 . Mean (ȀSE) hip, grip, and knee strength by selenium quartiles (n ҃ 891). The values were adjusted by using a regression approach. Age-and sex-adjusted test for linear trend: P ҃ 0.13 for hip strength, P ҃ 0.04 for grip strength, and P ҃ 0.0003 for knee strength. Multivariate logistic regression models were used to examine the relation between quartiles of plasma selenium and poor hip, knee, and grip strength and selenium quartiles and multiple confounders ( Table 3) . After adjustment for age, sex, BMI, education, and total energy intake (model 1), the participants in the lowest quartile of plasma selenium had a greater risk of poor hip, knee, and grip strength than did those in the highest quartile of plasma selenium. In final models (model 2), adjustment for age, sex, BMI, education, total energy intake, congestive heart failure, peripheral artery disease, stroke, depression, and log (IL-6) in participants in the lowest quartile of plasma selenium had a greater risk of poor hip, knee, and grip strength than did those in the highest quartile of plasma selenium. In logistic regression using selenium as a continuous variable, participants with higher plasma selenium concentrations had greater hip strength (␤ Ȁ SD: 1.93 Ȁ 1.11; P ҃ 0.05), greater knee strength (␤ Ȁ SD: 4.50 Ȁ 1.03; P 0.0001), and greater grip strength (␤ Ȁ SD: 5.26 Ȁ 1.93; P ҃ 0.007).
DISCUSSION
This study showed that low plasma selenium is an independent correlate of poor skeletal muscle strength in older adults living in the Tuscany community. To our knowledge, this is the first study to show an association between plasma selenium concentrations and poor muscle strength in older adults. These results suggest that there may be a continuum in the relation between plasma selenium concentrations and muscle strength, from those with severe selenium deficiency and muscle weakness to communitydwelling older adults with marginal selenium concentrations. More than 30% of older adults in the InCHIANTI Study had a plasma selenium concentration 0.88 mol/L (70 g/L), the concentration below which low selenium may be limiting the synthesis of selenoproteins (22) . Thus, it is possible that the activity of selenoproteins in skeletal muscle is suboptimal and may increase oxidative stress and oxidative damage to DNA, proteins, and lipid in muscle tissue.
Low selenium concentrations could also contribute to muscle weakness through the up-regulation of inflammatory cytokines that are characteristic of the age-related proinflammatory state (23) . In the Women's Health and Aging Study I, participants with low serum selenium concentrations had higher serum IL-6 concentrations (24) . Selenium could also modulate arachidonic acid metabolism, a membrane lipid that regulate ion channel and therefore muscle contraction (25) . In the Uppsala Longitudinal Study of Adult Men, high serum selenium concentrations were predictive of lower urinary F 2 -isoprostane concentrations, a biomarker of lipid peroxidation and oxidative stress (26) . A limitation of the present study was that the study design was cross-sectional, which precludes the determination of causation between observed phenomena. It may be possible that older adults with poor muscle strength have a lower dietary intake of selenium because of factors relating to their low strength, ie, being less able to shop and prepare meals higher in selenium, such as fish. In longitudinal analyses of selenium with adverse outcomes over time, there is a competing risk of mortality. Of 1389 older adults in the Etude du Vieillissement Arteriel Study in Nantes, France (27) and of 632 older women in the Women's Health and Aging Studies I and II in Baltimore, MD (28), those with low serum and plasma selenium concentrations at enrollment had a significantly higher risk of death. In the InCHIANTI Study, the proportions of participants who died over 6 y of follow-up, from the lowest to highest quartile of plasma selenium at enrollment, were 41.3%, 27.0%, 18.1%, and 13.5%. After adjustment for age, sex, education, and chronic diseases, adults in the lowest quartile of plasma selenium at enrollment had a greater risk of mortality than did those in the highest quartile (hazard ratio: 1.60; 95% CI: 1.04, 2.47; P ҃ 0.034) (F Lauretani, unpublished observation, 2006).
The plasma selenium concentrations in the present study are consistent with those of previous reports from Italy. In the Veneto region, mean plasma selenium concentrations were 0.82 mol/L in adults (29) and 1.12 and 0.86 mol/L in adults aged 65-89 and ͧ90 y, respectively, from Bologna (30) . Mean serum selenium concentrations in Italian adults varied between 1.09 and 1.17 mol/L; decreasing values were observed in adults aged 60 y (31). The average daily intake of selenium in the Italian population is Ȃ51 g/d, which compares with the Recommended Dietary Intake of 55 g/d for adult men and women (22) .
It is unclear whether a higher dietary intake of selenium will improve or maintain muscle strength in older communitydwelling adults with low plasma selenium concentrations. In severe selenium-deficient adults, selenium treatment was associated with an improvement in proximal muscle strength (32, 33) .
In conclusion, low plasma selenium concentrations were associated with poor skeletal muscle strength in older communitydwelling adults in Tuscany, Italy. Whether selenium supplementation can slow down the age-associated decline in muscle strength and be used in selenium-deficient patients to relieve muscular complaints remains inconclusive (34) and should be tested in specifically designed clinical studies.
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